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RESEARCH MEMORANDUM

DYNAMIC RESPONSE AT ATTITUDE (OF A TURBOJET ENGINE
WITH VARTIABLE AREA EXHAUST NOZZLE

By Gene J. Delio and Solomon Rosenzwelg

SUMMARY

The dynemic chsracteristics of a turbojet engine with varisble
exhaust nozzle area were investigabed over a range of altitudes and
flight Mach numbers. These characteristicg generalized to standerd
static sea-level conditions thereby permitting the prediction of englne
dynamic behavior at all altitudes eand flight Mach numbers.

Data resulting from spproximate step disturbances In either Inde-~
pendent verlsble suggested trensfer functions derlvable from basic
functional relationships. The minimum date required to define the
transfer functlons were: experimentally determined dynemic char-
acteristics (engine time constant and initial rise ratio) obtained
from indicial responses; static characteristice determined from steady-
state performance curves for each of the independent varigbles. The
engine time constant and initial rise ratios could be cbtained from a
step change in either of the independent variables.

The constants of the transfer functions, which describe engine
dynemic behavior, wvaried throughout the engine-speed range snd for
different exheust nozzle areas. These constants, generalized to stand~
ard static sea-level conditions, are plotted as functions of generalized
speed. These constants are glso tgbulsted for five particulasr combins-
tions of engine speed and exhaust nozzle area.

INTRODUCTION

Control system design for turbojet engines is eritical because
full realization of engine potentlalities requires operation at or near
the meximum tempersture and rotational speed of the engine. It is also
desirable to have a controller that (1) prevents power-plant damage;
(2) operates in a stable menner under varying conditions of sltitude,
flight Mach number, end thrust setting; (3) requires no attention from
the operator except for thrust setting; and (4) has good response time
at all operating conditions. These requlrements can be met only by
closed loop control systems, which permit much greater accuracy than is
possible with open loop systems.
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In s closed loop control system for a turbojet engine, the power
plant is one element of the control system, and any variation in the
engine dynamic behavior ls reflected throughout the system. Previous
theoretical end experimental analyses (references 1 to 3) have indi-
cated that engine dynamics very with altitude, flight Mach number, and
operating point. Therefore, a knowledge of these variations in engine
behavior must be incorporated into the controller to insure satisfactory
operation of the control system over the complete operating range. It
has been shown (reference-4) that the steady-state characteristics of
a turbolet engine generalize for varying sltitude and flight Mech num-
ber conditions. Because englne: dynamics also vary, a generalization
similar to steady-state generalization would be desirable.

The objects of this investigation, caerried ocut at the NACA Lewis
laboratory, are: (1) to present the dynamic characteristics of the
engine dependent variaebles with respect to the independent varisbles
(engine fuel flow and exhaust nozzle atrea); (2) to show the variation of
engine dynamlc charscteristics with altitude, flight Mach number, and
engline speed; (3) to demonstrate a means of generalization of the
dynsmic characteristics to sea-level conditions; and (4) to determine
the minimm amount of experimental data necessary to completely
describe turbojet engine dynmamic characteristics.

A turbojet engine was operated over s range of altitudes varying
from 15,000 to 40,000 feet at flight Mach numbers ranging from 0.22 to
0.88. The tresnsient responses of the dependent engine varisbles (speed,
compressor-discharge total pressure, turbine-dlscharge total pressure,
turbine~discharge tempersture, and Jet thrust) to approximate step dis-
turbances of the independent variebles (fuel flow and exhaust nozzle
area) were recorded. Steady-state calibration data were obtained over
the range investigated. o o - S :

Datea are presented in grephical form to indicate the trends of the
varistion in englne dynamic charascteristics with altitude, flight Mach
number, and engine speed. QGeneralization of the data to sea-level con-
ditions is also shown. :

THEORETICAI. ANALYSIS

A knowledge of englne dynamic characteristics results from the
study of engine responses to certain test inputs. In practice, the
engine may be subjected to either a sinusoldsl or a translent input
because of the ease with which these inputs are applied and the resuli-
ing responses can be analyzed.
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The value of determining the response to a trasnsient lnput has
been pointed out (for example, reference 5). Specifically, any linear
system is completely determined if 1te response to some type of tran-
sient input is specified. Reference 86 demonstrates that indicial
responses (step digturbances of the Independent variables) yield the
basic dynamic characteristics of a turbojet engine with minimum engine
and equipment operating time. Data resulting from step function inputs
indicate that engine dynamic behaevior can be described by elementary
transfer function forms, and the nature of the indicial responses hint
that certaln functional relationships exist. With the use of only the
basic assumption of linearity, functional relationships cen be used to
derive the forms of the engine transfer functions. These transfer
Tunctions f£fit experimental date which sre limited in accuracy by various
instrumentation lage and supply source regulation. In addition, the
gas turbine engine is primerily a single capacity system. Therefore,
the method of translent analysis produces results that can be. inter-
preted simply. '

Engine Speed Response

Typical responses to a step change in fuel flow, exhaust nozzle
aree being held counstant, are shown in figure 1. The speed response
1s exponential in nature, and the transfer function for this particular
form is (reference 5)

Ko (1)

e

(A11 symbols are defined in eppendix A.) The gein term X, is a
measure of engine sensitivity, or the speed change due . to a change in
fuel flow, gg. The engine time constant T 1is a .measgure of the accel-
eration time of the engine and is the time for the engine speed %o
increase or decrease by an amount (l --% of the final change -%g AW.

Figure 2(a) illustrates an indicial speed response to fuel flow.
From the baslc assumptions snd the mathematicsl development shown

in reference 6, the transfer function relating speed to changes in both
the fuel flow and exhsust nozzle area is

AN(s) = 2 mi(s) + 22 AA(s) @
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The engine time constent is

=l (2a)

The gain terms K, and K, , defined in asppendix A, are a measure of

speed. sensitlvity in equilibrium to changes in fuel flow and exhaust
nozzle ares, regpectively.

In the design of gas turbine engine controls, other englne parame-
ters are of importance. Compressor-discharge total pressure may be
used to limit fuel flow, thereby preventing compressor stall or surge.
Turbine-discharge temperature and pressure 1limits are needed to prevent
overtemperature and engline damege. dJet thrust is a measure of the
power output of the engine. Therefore, the dynamic responeges of these
variables should also be known.

Compressor-Discharge Total Pressure
The response of compressor-discharge total pressure to an approxi-

mate step disturbance in fuel flow is 1llustrated in figure 1. A
transfer function describing this type of response is (reference 5)

K.G(S) ex KPCW .Q'Ldls_). (3)

1+ s

The gain term KPdW is the sgensitivity of pressure response to changes

of fuel flow. Figure 2(b) illustrates an indicial pressure response to
fuel flow. As developed in reference.B,

OPe P,
v = (gw_) N EIT_)W,A (4)

(BPC)
FERCLY) 7S o | (4a)

-5

[}

In figure 2(b), the initial pressure rise 1s due to the fuel increase
only and it is at constent speed. The additional pressure rise 1s due

2379
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to the speed change only and it is at constant fuel flow. The initial
rise ratloc d 1s the ratio of the pressure rise at constent speed to

the entire pressure rise. When the pressure rise at constent speed is
less than the entire pressure rise, the initial rise ratio d 1s less

than unity.

From the basic assumptions and the mathematical development shown
in reference 6, the transfer functlon relasting compressor-discharge
total pressure to changes 1n both the fuel flow and exhsust nozzle ares
is

APC(B) = Kpcw _(l-_ﬂt_s). AW(B) + %ca _(l_tﬁ)_ AA(S) (5)

Ll +Ts 1+ Ts

Again, the geain terms Kbcw and Kpca are the amount of pressure

changes resulting from a change in fuel flow and exhsust nozzle area,
respectively. The values for the initial rise rstlo are

&
g = \V/N,a (5e)

((j
A ) w,w
e = ————

The initial rise ratio d 1s the ratio of the initiel change to
the totel change in pressure at constant exhaust nozzle srea, and it is
the immediste effect noted from a change in fuel flow at constant speed.
Similsrly, the initial rise ratio e 1s the ratioc of the initial
change to the total change In pressure at constant fuel flow, and it is
the immediate effect noted from a change in asrea at constant fuel flow.

(5b)

Turbine-Digcharge Total Temperature
and Total Pressure

The responses of turbine-discharge total temperature and total
pressure to a step change in fuel flow at consbant area are also shown
in figure 1. The pressure-rresponsge indicates an initial rise ratio
less then onej that is, the pressure incresse due to fuel flow only is
less than the pressure increage due to both fuel flow and speed. The
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temperature response, however, indicates thaet the temperature increase
dvue to fuel flow only is greater than the temperature increase due to
both fuel flow and speed; that is, the initial rise ratio for the tem-
perature response is grester than one. BSimilar date at meximum speed
shows that, for this particular engine, the reverse is true. The pres-
sure overshoots its final wvelue whereas the temperature does not. It
followe that at some speed less than meximum, both the temperature and
pressure resgponses have the same initial rise rsbio. There is, there-
fore, one operating point of the turbojet engine at which the turbine-
dlscharge total pressure and total temperature respond identically to
fuel-flow changes.

The form of the transfer functions for temperature and pressure
regponses to fuel-flow changes (fig. 1) is of the same form as the
transfer function describing the compressor-discharge total pressure
regponse to fuel flow. From the basic assumpitions and the mathematical
development shown in reference 6, the transfer function relating
turbine-dilscharge total pressure to changes in both the fuel flow and
exhaust nozzle ares is

a24(e) =Kptw‘£ﬁ—‘i:—:lm<s> P AT A @
The initial rise ratios are
| (aPa
f oo ;§?:_§zé (62)
KPtW
and
(aPt)
E.N W (6b)

g =
pga

The explanation of the gain terms and initial rise ratios follows that
for the compressor-discharge total pressure response.

Similarly, the transfer function relating turbine-dischsrge tem-
perature to changes in both fuel flow and exhsust nozzle ares 1s

AT(s) = Ky _(£+_h‘7§lfAW(_s) + K_ba"ﬁ}_*‘_jﬁl.AA(s) (7)

1l +Ts w1 + T8

CONF1DENTIAL

2379



6.22

NACA RM E51K19 oD 7

The initisal rise ratios are

BT)
p - \Wa,x

o (7a)

OT
T - ___,_(ﬁz u (70)

Agein, the explanstion for the gain terms and initial rise ratios
follows that for the compressor-discherge total pressure responses.

Jdet Thrust

Comparison of the Jjet thrust response with the turbine-discharge
total pressure and total temperature responses indicates a similarity
of form. Therefore, the same type of transfer function describes the
Jet thrust response to fuel flow chenges and, as develcoped in
reference 6, is

AF(s) = Koy S2TEET) () 4 gp, {2E 2L A (8)

where the constants of the equation are described in a manner gimilar
to the preceding transfer functions.

Minimm Data Necessary to Completely
Describe Dynamic Behavior

With the assumption of a constant inlet Mach number and constant
altitude, a turbojet engine with a variable ares nozzle has two degrees
of freedom. However, the recorded response of a particular dependent
variable with respect to simmltaneous changes of fuel flow and exheust
nozzle areea is difficult to interpret. The use of linesr anslysis
allows a simplification. As shown by the transfer functions describing
engine behavior, the response to one input may be analyzed separately
while the other input is held constant. The response to two inputs
then is the superposition of the two separate responses. Therefore, the
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dynamic response of any dependent engine varisble may be cbtained by
varying the fuel flow and area separately and superimposing the results
of both responses.

All engine geains are static characteristics and may be determined
by measurlng the slope of the steady-state relationships. The engine
time constant * is a dynemic characteristic and must be determined
experimentally. From its mathematlcal definition, it is proportional

to the negative reciprocal of (g% at constant fuel flow and constent

exhauet nozzle area. Therefore, the determination of the engine time
constant using elther fuel flow or exhaust nozzle area as a forcing
function should produce the same result.

The inltiel rise ratios, using compressor-discharge pressure as an
example, are also dynemlc characteristics and can be expressed as

oP,
& .
- Kpcrlr‘; S Kpew (BT)W,A (©
&
. A /)y _Xpe (aPc)
Kpca t Kfca oN, W,A (20)

obtained by using the ldentitles

“pow = ow (BP)W A (%l:E)N,A

3P, aPc)
¥pea = Fna (TN_)W,A AR

The quantitles - d and e are not independent and one can be cal-.
oP
culated from the other, the single unknown quentity being (E{E
This effect, common for transients ceused by fuel flow or area changes,

is the effect of engine speed on the varilable (Pc) at constant fuel
flow and aresa. : :

2379
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As & result, the minimm data needed to completely describe the
compressor-discharge total pressure response 4o ¢henges in both fuel
flow and exhsust nozzle ares are:

(1) static characteristics determined from steady-state curves:

Kowr Knas Kbcw, KPca’ and so forth

(2) Experimentally determined dynamic characteristics

(a) Engine time conetant T

(b) An initiel rise ratio, or (g%) , for each variable
W, A

APPARATUS AND INSTRUMENTATION
Engine Instellation

A turbojet engine was mounted on a wing section which spanned the
test section of the NACA Lewis lasboratory altitude wind tumnel. The
altitude and flight Mach number were simulated in the following manner.
Alr from a climatic control source was supplied to the engine through a
ram pipe. The engine exhsusted into the altitude wind tunnel masintained
at constant eltitude. The wind-tunnel statlc pressure Po end static

temperature 1ty determined the simulated altitude conditions. The
ratio of engine-iniet total pressure P; to Do, or the ram pressure
ratio, was a measure of the engine simuwlated flight speed.

Engine. - The turbojet engine used in this investigation consisted
of an ll-stage exisl-flow compressor, elight through-flow cormbustlion
chambers, a single-stage gas turbine, and a varisble area exhaust noz-
zle. A sketch of this engine is shown in figure 3.

Fuel system. - The fuel system was of standard design except for
the fuel metering velve. Thie valve was designed to maintelin a fixed
fuel flow rate for each fuel valve position independent of the pump-
discharge pressure or combustion-chsmber pressure.

A voltage signel was amplified and fed into a positional
servomotor which was coupled to the fuel vslve through s gear reducer.
The DC level determined the englne opersting point and s switching of
the DC levels produced epproximate step disturbances in the fuel flow.
The lagging of the fuel flow behind fuel valve position wes smsll com-
pared with the dominant Jag, engine speed. .
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Exhaugt nozzle. - The variable area exhaust nozzle was positioned
in essentially the same menner as the fuel valve. A voltage signal
wes amplified and .fed.into a positional servomotor which was coupled to
the exhaust nozzle wlth a gear reducer and ball-bearing screw Jack. The
DC voltege level determined,the position of the exhasust nozzle.

Instrumentation

The measurement and recording of engine transients required instru-
mentation and recording facillities that possessed the followlng char-
acteristics; (1) linear phase shift and flat frequency response, (2)
sensing elements that had good dynamic characteristics, and (3) signal
amplificetion ebout any operating point. The recording system was used
to obtain the correct form of the transient, and the gbsolute values of
the recorded varisbles were obtalned from steady-state instrumentation.

The recording system used to obtaln the correct wave shapes of the
transients consisted basicelly of a multichsnnel recorder with asso-
ciated smplifiers, and a sensing element for each channel. A complete
description of the design of the instrumentation is given in refer-
ence 7. The typilcal trace shown in figure 1 was obtelned from this
type of instrumentation.

The Instrumentation for steady-state values was used for the cali-
bration of the recorded transient data. All pressures were measured by
mercury menometers and photographlcally recorded. Temperatures were
obtained from chromel-alumel and iron-constanten thermocouples and
recorded on self-balancing potentliometers. Engine thrust was measured
by belance pcales, engine speed by & chronometric tachometer, and fuel
flow by rotameters. Exhaust nozzle area was indlcated by a potenti-
ometer voltage.

PROCEDURE AND METHODS
Experimentel Procedure -
The engine used 1n this investigation was operated over a range

of englne speeds at the following simuleted altitudes and flight Mach
numbers:

Altitude | Flight Mach
(£+) number
15,000 ' 0.22, 0.863
25,000. .22, .85
40,000. .22, .63

2379
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The dynamic characteristics of the engine were first evaluated for
fuel-flow changes at a constant exhaust nozzle ares. The power plant
was subjected to a sudden change in fuel flow which resulted in a speed
change of 400 rpm. The fuel-flow changes were Ilnitiated at speeds
ranging from idling to msximm engine speed. The transient behavior of
the fuel valve position (fuel flow), exhsust nozzle area, engine speed,
compressor-discharge total pressure, turbine-discharge total temperature
and pressure, and Jjet thrust were recorded. Steady-state celibration
values of each recorded parameter were observed at the initisl and finsal
points of each run. '

The same experimentsl procedure was used to determine the dynamic

response of the engine to changes 1in exhaust nozzle srea at constant
fuel flow. ' ' ' '

Procedure for Processing Dsta
Determination of engline time constants and initial rise ratios. -

A method of plotting the transient response recorded data was devised
to compenssate for the irherent lag contained in the fuel flow. As

developed in gppendix B
AN E.
n l-T_)—='_ (B4)

APq i
in 1-m=zn(1-d)-; (B7)

Figure 4 is g plot of the preceding equations as applied to figure 1.
In this maenner the initisl rise ratlo of the ilncrease of compressor-
discharge total pressure to fuel-flow changes, and the engine time con-
stant can be determined.

The deviation from a straight line at zero time is due to the fact
that fuel flow was not a true step function. The straight line portion
of the speed response was extended to the initial steasdy-state velue,
end this Intersection is the theoretical zero time that would heve cor-
responded to a true step input. Thls procedure was also followed I1n
the evaluation of turbine-discharge total pressure, turbine-discharge
total tempersture, and jet thrust responses to spproximste steps in
fuel flow. ' T ) '
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The various gain terms of the transfer functlions were determined 7
from the slope of the steady-state curves relating the various parame-
ters sbout the deesired operating point.

Correction for chenges of inlet totel pressure. - The character-
istics of the altitude~wind-tunnel control of inlet total pressure wasg
such that during engine acceleration, the inlet total pressure varied
in the same manner as speed (fig. 1). This effect essentlally changed
the flight Mach number during engine acceleration. Therefore, cor-
rection factors were applied to the daeta to determine the true values
of the constants of the transfer functione for a constant flight Mach
number. The development of these correction factors is given in
appendix B. Corrections were epplied tc the respconses of engine speed,
compressgor-discharge total pressure, and turbine-discharge total
temperature.

2379

The turbulence contained in the turblne-dlscharge pressure
response masked the speed effect (fig. l). For thils varisble the
initial pressure rise was noted directly from the data because the
inlet total pressurée had not yet changed. The total change of pressure -
was obtained from the slope of the steady-state curve at the deslred
operating point. The ratio of the two pressure rises thus determined
the initial rise ratio. '

A pimilar procedure was followed for determining the initial rise
ratio of the jet thrust response. Here it was necessary because the
engine vibration produced force changes of the order of the thrust
increase. Furthermore, the decrease 1n inlet total pressure produced
an equivalent positive thrust which amplified the speed effect on the
Jet thrust response.

Generalization of Data

It is shown in reference 4 that generalized parameters permit the
results of gpecific tests with & specific engine to be used for esti-
mating performance at other conditions. The results obtained from
steady-state performance at seltitude conditions generalize to standard
sea~-level conditions. Thus, the engine gains determined from the slope
of the steady-state data would generalize because they are statlc
characteristics.

If the veriatlion of viscosity, combustion efficlency, and com-
pressibility is small for smell devlatlions from engine equilibrium, it
mey be possible to generalize dynamic characteristics in the same men-
ner that steady-state characteristics generalize.
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The following correctlions, listed In reference 4, have heen
applied to all altitude data to generalize to standard ses-level
W F T P Q

condltions: %, m, 3D where
5 = £
T 2116 (1b/sq £t)
.
519° R

RESULTS AND DISCUSSION

The results of the gpplication of the indicial response method
(step function input) for determining the transfer functions of a tur-
bojet engine are presented in two parts. First, the results are shown
for a step input of fuel flow at constant exhsust nozzle area. Second,
steady-state relationships at constant fuel flow sre shown that aid in

" determining the gsins assoclgted with constant fuel-flow performsnce.

Also, a comparison is made of the results of determining the engine
time constant at elther constant ares or constant fuel flow.

Transfer Functlions at Constaent Exhaust Nozzle Area

Engine speed. -~ The engine-gpeed transfer function can be
described by the engline time constant *® and the speed galn Ko

The time constent is shown as g function of engine speed in figure 5
for the various altitudes and flight Mach numbers investigated. At
altitudes of 15,000 and 40,000 feet there ls approximstely 25 percent
decrease in time constant resulting from an increase in Mach number
from 0.22 to 0.63. At 25,000 feet there is spproximately 35 percent
decrease in the time constant resuliting from an increase in Mach number
from 0.22 to 0.85. At a constant Mach number, there is gpproximately
87 percent increase 1n engine time constant from 15,000 to 40,000 feet.

In reference 4 it is stated that generalization factors could be
used to correlate performance characteristics of the engine except for
the characteristics involving fuel flow explicitly. Generalized fuel
flow 1s shown as a function of generalized speed in figure 6, for the
altitudes and Mach numbers considered. The fuel flow characteristics
of this englne are such that combustion efflciency does not permit
generalization. However, for the analysis of engine dynamics, the
Interest 1ies in the slope of the engine-speed - fuel-flow curves and
not 1n the sbsolute values. The data, generalized to static standard

SR
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sep-level conditions, sppear as parallel curves thereby having identi- .
cal slopes. It 1s thls feature of the engine-speed - fuel-flow curves -
which allows generalization of the gein K . &as shown in figure 7.

The generslized time congtant is also shown as a function of gen-
eralized speed in figure 7. This generalization accounts for the effect
of sltitude and flight Mach number on the engine time constant. The
use of both generslized curves consequently, allows the prediction of
the engine acceleration characteristics for any altitude or flight
Mach number.

2379

Compresgor-discharge total pressure. - The compressor-discharge
total pressure transfer function can be described by the englne time
constant <, the pressure gain: Kpdw,'and'the initial rise ratio 4. The

time constant has already been discussed.

The initial rise ratio d generalized to standard static sea-
level conditions, appears to vary linearly with speed (fig. 8) above
5500 rpm. It approaches unity at maximum speed, which indicates that -
the pressure increase due to speed alone (constant fuel flow) epproaches
zero for the condition of meximum speed.

The pressure gain Rb.w is also shown in figure 8 generslized to
c

standard sea-level conditions. The gain diminishes with increasing
engine speed and is maximum at the lowest speed. The veriation in
galn with speed is &pproximately 700 percent.

Turbine-discharge total temperature. - The turblne-discharge iotal
temperature transfer function can also be descrihed by the engine time
constant, temperature gain, and initial rise ratio. The generalized
temperature gain Ktw (fig. 9) rises sharply with speed to 8500 rpm and

remains essentially constant at a value 0.1680 from 6500 rpm to maximum
speed.

The initiel rise ratio h . (fig. 9) drops rapidly with speed to
6500 rpm and remains feirly constant at 1.2 to a speed of 7700 rpm. In
this speed raenge the initial rise ratio is greater than unity indicating
that the temperature initielly overshoots its final velue. At maximum
speed, however, the temperature doeg not overshoot its fipal_value.

Turbine-discharge total pressure. - The generalized constants of
the transfer function describing the response of turbine- -discharge
pressure to changes in fuel flow are plotted in~ figure 10. The pressure
galn Kp w decreases with increasing speed and approaches & minimm

at meximm speed. The initial rise ratic f increases with increasing
speed end it reaches unity at a generelized speed of 8100 rpm. At this -

.
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operating point the turbine-discharge pressure follows exsctly the
change in fuel flow. Above this speed, this turbine-discharge pressure
overshoots its finsgl wvalue.

Jet thrust. - The thrust response to changes in fuel flow can be
described by a transfer function whose generslized constants are
plotted in figure 11, and, including the generslized time constant of
figure 7, the dynamic behavior of thrust at standard static sea-level
conditions is completely described. Generslly, the thrust gain
decreagses with incressing speed, whereas the initial rise ratio
incresses with increasling speed, but always remains below unity.

Generalized transfer functions. - Figures 7 to 11 indicete that
the dynamic characteristics of a turbojet engine generalize and these
deta can be used to predict engine dynamic behavior at any sltitude and
flight Mach number included in the range investigated. With the use of
the correction factors listed in appendix B and the data in figures 7
to 11, the various responses at an arbitrary f£light Mach number and
altitude become:

Engine speed

MN(s) = 2% (s) N (11)

224(s) = By (75) | (s) (12)

Turbine-discharge total pressure

1+ %
APy (s) = fptw (,\}5) i T)AW(s) (13)

Turbine-discharge total temperature
)AW(B) (14)

dl

AT(S)=KW(® 1+h

mla]o421
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Jet thrust
Af6 —
_ 1 l+k—€—'r:s
A'F(s):wa(\,_é) 1+"é_.'{s AW (s) (15)

Transfer Functions at Constant Fuel Flow

In the section, Minimum Data Necessary to Completely Describe
Dynamic Behavior, it is indicated that the dynamie characteristlcs
resulting from changes in elther fuel fiow or nozzle area are not
mituslly independent. The dynamic characteristics resulting from fuel-
flow changes can be used to evaluate the dynamic characteristics result-
ing from aresa changes. The only edditlional data necessary are the
static charscteristlcs describing the steady-state performance.

Engine time comstant. - The generslized time constant obtained for
step changes in exhaust nozzle ares 1s shown in figure 1l2. It is com-
pared with the engine time constant obtained from a step input 1n fuel
flow. The agreement indicates that the engine time constant may be
obtained by elther imput.

The curves presented in figure 13 were obtained by cross-plotting
the data shoWmn in figures 14(a), 14(b), and 14(c). These dats were
obtained by operating the engine at a constant speed and varying the
exhaust nozzle area and fuel flow to maintaln the specified speed.

The gain terms for compressor-dlscharge total pressure, turbine-
discherge total pressure, turbine-discherge total temperature, and jet
thrust cen be similerly determined from figures 15 to 18. A constant
corrected fuel-fiow line of 5000 pounds per hour is shown in figures 14
to 18, and the respective gains were obtelned from the slope of the
constant fuel-flow lines at the various speeds.

Engine gains. - Flgure 13 presents the steady-state performance of
engine speed against exhaust nozzle area at constant corrected fuel
flows of 5000 and 3800 pounds per hour. For e constant corrected fuel
flow of 5000 pounds per hour the slopes are equal at any speed. Thus
the gain term Kna is independent of altitude conditions. Similarly,

the engine gain generaslizes at a corrected fuel flow of 3600 pounds
per hour.

Initial rise ratios. - The-initial rise ratic for a partlcular
dependent engine variable may be calculated as outlined in the section,
Theoretical Analysis. With the .use of the response of compressor-
discharge total pressure as an exemple, equation (9) glves

SR
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) Ena Bo (16)

=1+ (d-1 Eow Kp o

Generalized transfer functions. - The values presented in fig-
ures 14 to 18 are generallzed. With the use of these values, the
responses at prescribed sltitude and flight Mach number can be deter-
mined simijarly to the responses for changes in fuel flow. The
response for changes in both exhaust nozzle area and fuel flow then 1s
the linear sum of each response. As sn example, the response at pre-
scribed altitude and flight Mach number of speed to simultaneocusly
varying exhaust nozzle area and fuel flow is

AT - %) ) Fua (40) pA(s) (17)
= s + ——— 8
l+—5—J-'?s l+$:r_s

Dynsmic Characteristics at Sea-Level Rated Conditions

With the use of the methods described Iin this paper and the values
determined from the figures presented, the dynamic characteristics of
the turbojet engine sre summarized as follows:

Rating: Equivalent steady-state conditions:
N = 7850 rpm W = 5400 pounds per hour
T = 1600° R Po. = 10,900 poﬁnﬁs per sqﬁare foot
F = 5200 pounds Py = 3880 pounds per square foot

A

2.40 square feet
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[Engine time constent = 1.8 sec]

N T F Pe Pi
K 0.38 0.62| 0.66| 0.47| 0.59

a) -
—==-| 0.60| 0.31] 0.29] 0.57
(gﬁN,A

o

(KW

—:25& -~—={ 0.98| 0.47| 0.62] 0.97
Kxw :

a) .
m—ee{m O 0.97| 0.47| =0

(BTI W,A
Ky 0.78=0 | -0.69| 0.34| -0.40
A R

——m* 0 -1.40 © -0.37
(5— N,W
()
A
—_M —m—— m——- 2.0 © 0.97
Kxa

The listed values are ratios, percent per percent. As an example, the
variation of turbine-discharge total pressure with a simultaneous
increase of 1 percent fuel flow and 1 peréent exhaust area is as fol-
lows. Initiglly there would be 0.57 percent increase due to fuel-flow
change and 0.37 percent decrease due to nozzle-area change. At the
finasl wvalue, there 1s 0.59 percent increase due to fuel-flow change
and 0.40 percent decrease due to nozzle-area change. The initliel rise
ratio for changes of elther independent variable is the same, 0.97.

For the conditions listed, the area has negligible effect on the
turbine~-discharge temperature T. Also, the nozzle area does not
directly affect the compressor-dischsrge totel pressure because the
engine is in a choked condltion. There 1s, however, an indirect
effect on compressor-discharge total pressure by the exhaust nozzle
area. This effect 1s the increase due to speed changes, 0.34 percent
increase per percent lncrease of area. The initial rise ratioc is zero,
or there 1s no instantanecus change in compressor-discharge totel
pressure. :

The values llsted for Jet thrust are measured thrust values.
Although the data have been corrected for the effect of changing inlet
total pressure on engine performance, another error exlists. This
error 1s due to the forces caused by the changing ram pressure.
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In some cases this error amounted to 50 percent of the measured thrust
increase. The values listed for turblne-discharge total pressure are
more indicative of actual thrust response.

The following table provides g measure of the variation of engine
gaeln over a range of engine speed and exhaust nozzle area:

Parsmeter x
Engine |Englne Exhaust N Pc Pt T F
gain | speedinozzle areg
N A
(rpm)| (sq £t)
_ 6440 3.0 0.64|1.16| 0.12| 0.33| 1.40
Ker | 8350 3.0 .39 .41} .85| .70} .67
6440 2.2 .53]1.08f .62| .35 1.46
8350 2.3 .21| .38} .70| .58} .45
_ 6440 3.0 0.34|0.52|-0.14 |-0.17| 0.09
Kxs | 8350 3.0 .25| .13} .13| .14| -.50
6440 2.2 .80(1.13( -.21| -.78| .31
8350 2.3 .70|0 -.39| -.82]-1.30

The gains, percent per percent, range from low speed small area to
high speed lerge srea. As an example, st the constant large area
(3.0 sq ft) the turbine-dischsrge total pressure gain increases from
0.12 to 0.65 percent per percent change in fuel flow; also, it varles
from a decrease of 0.14 percent to an increase of 0.13 percent per
percent increase in exhaust nozzle ares.

SUMMARY OF RESULTS

In this investigetion, the dynamic characteristlics of a turbojet
engline with varlgeble areas nozzle were lnvestigated and are presented.
From this investigation the followling results were obtained:

(1) Date resulting from spproximate step disturbances in either
independent varisble suggested transfer functions whose forms can be
derived from functional relationships.

(2) The minimum data necessary to completely describe dynamic
behavior were: +the dynamic characterlstics (engine time constant and
initial rise ratio) determined from changes of either independent
vaerisble; and the steady-state characteristics determined for each of
the independent variables.
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(3) The engine time constants and initial rise ratlios were obtained
from transients initiated by either of the independent variables.

(4) The dynsmic characteristics varied with altitude, flight Mach
number, and engine speed. The constants of the transfer functions
describing engine behavior generalized to one curve at standard static
sea~level conditions. This generalization permitited the prediction of
engine dynemic behavior at any altitude and flight Mach number.

Lewls Flight Propulsion Laborsgtory
National Advisory Committee for Aeronautics
Cleveland, Ohlo, October 26, 1951
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

A

d,e,f,g
h,§,k,12

e
F
G

G1,G2,K5,Kp
Ii,Lpskp, 15
82, T2

J

K
Kee
Ko

b oo

£

1]

= o H

exhsust nozzle area, sq £t

initial rise ratios

bage of nstursl logeritlms
Jet thrust, 1b

functionsl relastionship

correction factors

rotor moment of inertia, (lb)(ft)(secz)
engine gain

engine gain, change in parameter x (N, P,, Py, F, or T)
due to change in area

engine gain, change in parameter x (N, P,, Py, F, or T)
due to change in fuel flow

engine speed, rpm

compressor-discharge total pressure, 1b/sq £t
turbine-discharge total pressure, 1b/sq £t
engine torgue, 1b-ft

Leplacian operator

turbine-discharge total tempersture, °r

time, sec

engine fuel flow, 1b/hr
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o] ratio of total pressure at engine inlet to absolute pres~ -
sure at standard sea-level conditions
A incremental change
e ratio of total temperature at engine inlet to absolute
temperature at standard sea-level conditions .
T engine time constant, sec ﬁ
Subsecripts:
0 embient
1 compressgor inlet

Barred symbols indicate generalized to stendard static sea-level
conditions.
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APFENDIX B

DERTIVATION OF EQUATIONS FOR ANALYSIS OF DATA
Method of Plotting Data
The englne speed response to a step change in fuel flow at constant

exheust nozgzle areg ls developed in reference 6. This dynamic charac-
teristic 1is described in the complex domain as,

an(s) = KT%—T—)] (&) %o (21)

Transforming to the resl domain

AN(t) = AW(L - e~ ) K, (B2)
For the initial conditions at zero
AN -t
1- m =e /Lc (B3)
Where
AN speed change at time +
(AN)s  total change in speed
Therefore,
AN t
1 - = - = B4

Similarly, the compressor-discharge total pressure response to a
step change in fuel flow at constant exhasust nozzle ares becomes,

-t
AP, = AW |1 - (1-d)e /‘] Kp o (B5)
For the initial conditions at zero

(B8).

1.5 = (1-d)e-t/®
@) - 0
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therefore
nl1 - e { o in(1ea) - 2 (BT)
ZAPc’f T
and st t =0 :
APc
=d
zAPc)f
where
APq pressure rise at time +

(AP.)y final pressure rise
a initial rise ratio
It can be shown that turbine-discharge total pressure and tempera-

ture, and Jet thrust have similsr indicial responses because the same
functional relationship hes been assumed.

m |1 - et | = n(1-f) - 2 (B8)
(G T
1nr1- AT-ﬂ-z (1-h) - 2 (89)
[CDrS Il T
- 7
|1 - —(A—f)—f = n(1-k) - 2 (B10)
- -

Correction Factors for Changes in Inlet Total Pressure

The air supply to the engline was regulated with a valve in the ram
pipe. During engine acceleration the valve was maintained fixed, thus
the simulated Tlight Mach number varlied. The pressure drop across the
valve depended on mass air flow, which varied with engine speed. As a
result, the poor regulation of the air supply source was reflected in
the data (fig. 1). Correction factors ere necessary so that simulated
inlet conditions can be assumed constant during transient operation.
The effect of engine discharge on simulated altitude was inslignificant.
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The inlet total pressure P; is assumed to vary linearly with

speed for the magnitude of speed change considered. Thils variation can
be consldered another engine input. For constant exhsust nozzle area
operation the following anslysis results.

Q = Q(N,W,Pq) (B11)
P, = Po(N,W,P;) (B12)
AQ = JAN (BL3)

Expanding equation (Bll) sgbout en equilibrium point glves
aq) (aQ) (BQ )
AD = AR + LW + AP Bl4
She,p, ¥ Sy, 2t \SF) ()

When equations (Bl3) and (Bl4) are equated,

AN(s) = r;.KE:—é MW (s) + rlll-lTs' AP () (B15)

Similerly, expanding equation (Bl2) and substituting equation (B1S5)
ylield .

1+1
&Po(s) = Kp —(—l—]_i':‘%:l) & (s) + Iy -(—i+—+7;‘3':i) 2P (s) (B16)

Equations (B15) and (B16) describe the speed and compressor-
discharge total pressure responses, respectively, when both the fuel
flow and inlet total pressure vary simultaneously. However, it is
noted that the actual recorded dasta for the engine speed and compressor-
discharge total pressure responses are of the form (fig. l).

al

-J_—-:EE AW (s} (B17)

AN(s) =

where T, 1s the time constant determined from the data, and

(l + gz’l:zs)
1 +TzS

AP.(8) = Gp AW(s) (B18)
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vhere Gy and G, are the actual geins determined from the initial
and final equilibrium points. The initisl rise ratio g, and engine
time constant T, are also determined from the actual date.

The date show a static correspondence between inlet total pressure
and engine speed (fig. 1),

Py = -kN (B19)

z279

where Xk 18 a proportionality factor. The substitution of equa-
tion (B19) into equations (B15) and (B16), and comparison with equa-
tions (Bl7) end (B18) result in the following correction factors:

T= %—’ T _ (B20)
and
g =2 g (321) '
B

The gains Kow and Kb w 8are evaluated from steady-state data and
c

correspond to theoretical gains resulting from s constant inlet total
pressure. The galns Gy and Gp are determined from the actual data

(initiel and final equilibrium points) and include the variation of
total inlet pressure with engine speed.

The initial rise ratic gy and engine time constant <T,, measured

from actual deta, also include the varlation of total inlet pressure
with speed. The values ¢of these dynemic characteristics for constant
Inlet total pressure can be determined from the relationships, equa-
tions (B20) and (B21).

Generallzstion of Translent Data

According to reference 4, the steady-state relationships obtalned
at various altitudes asnd flight Mach numbers should generalilze to one
relstionship at standard sea-level conditions. The variation of Rey-
nolds number is negligible. Those performance parameters that involve
fuel flow, however, do not generslize because combustion efficiency
varies with operating conditions. The resulting curves, although not
colncident, msy have ldentical slopes.
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Corrected parsmeters appearing in reference 4 are used to gener-
alize the transfer functions developed in this gppendix.

Generalized engine speed

Generalized fuel flow

Generallzed thrust

Generslized temperature

Generalized pressure

In order to generslize the data obtained at various gltitudes, flight

ok ol  olk
I
3

-F

= %II’*l

=W

5

I
=)

P

27

Mach numbers, and engine speeds, to standard sea~level conditlons, the

following relationships are used:

Py
5 =
2116 1b/eq £t
T
e - __]-'—_.
. 5190 R

The measured dynsmic characteristics are generallzed as follows:

el
g

W

dﬂl

o2

Kﬁtw

8 Knw
1
—Jg‘Kna
«/'éxpcw

1
3 Epoa

N® Ky 5

= _1
KPt&"a'KPta
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= o}
Kiw = N Kiw
Eta ='% Kte
Key = A6 Key
Krg = S Kfa
— [s)
T = v
;JG

The initial rise ratios, belng dimensionless, requlire no altitude
correction. _ :
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Flgure 2. - Theoretical indiclal responses of pressure and englne speed to fuel flow.
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Figure 15, - Determination of generalired gain, compressor-discharge total preasure to exhaust
nozzle erea, with changss in ram pressure ratio and altitude.
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Determination of generalized gsin, compressor-dlscharge total pressure
to exhaust noZzle area, with changes in ram pressure ratio and altltude.
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(a) Generalized turbine-discharge totel pressure against exhaust nozzle

Figure 16. - Determination of generslized gain, twrblne-discharge total pressure to exhaust
nozzle area, with changes In ram pressure ratlo and altltude,.
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Figure 16. - Continued, Determination of generallzed gain, turbine-discharge total pressure

to exheust nozzle area, with changes in ram pressure ratic and altitude.
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(c) Generalized turbine-discharge total pressure against exhaust nozzle
aree; altitude, 45,000 feet; ram pressure ratio, 1.03.

Figure 16. - Concluded. Determination of generalized gain, turbine-discharge total pressure
to exhaust nozzle area, with changes in ram pressure ratio and altitude.
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Figure 17. - Determination of generalized gain, turbine-discharge temperaturs to exhauvst
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Figure 17, - Continned. Destermination of generalized gain, turbine-discharge temperature
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Figure 17. - Conoluded. Determination of generalized galn, turbine-discharge temperature
to exhesust nozzle area, with changes in ram pressure ratic and altitude.
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(a) Cenbralized jet thrust against exhaust nozzle ares;
! eltitudes, 15,000 feet; ram pressure ratlo, 1.03.

Figure 18. -~ Determination of generalized gein, jet thrust to exhaust nozzle asrea, with

changes in ram pressure ratio and altitude.
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Flgure 18. - Continued. Determination of gemesralized gain, jet thrust to exhaust nozzle

area, with changes in ram pressure ratio amd altitude.
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Figure 18. - Conoluded. Determination of generalized gain, jJet thrust to exhaust nozzle
area, with changes in ram pressure retioc and sltitode,
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